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DIFFERENTIAL CROSS SECTIONS OF THE 
Be'(d,n)B'° REACTION 

by 

S. G. Buccino and A. B. Smith 

ABSTRACT 

Angular distributions of neutrons from the Be''(d,n)B'° 
reaction were obtained at deuteron energies of 2.6, 3.0, 3.1, 
3.2, and 7.0 MeV by means of pulsed-beam time-of-flight 
techniques. Absolute measurements of the differential c ross 
sections led to the following states in B ' ° at a deuteron en­
ergy of 7.0 MeV: g.s. , 0.72, 1.74, 2.15, 3.59, 4.77, 5.11 + 5.16, 
5.90, 6.10, 6.35, 6.50, and 6.95 MeV. DWBA and Butler cal­
culations were used to extract £„ values and spectroscopic 
factors for many of the levels observed. 

I. INTRODUCTION 

In the course of a study of neutron-producing reactions induced by 
deuterons, the reaction Be'(d,n)B"' was of part icular interest . The high Q 
value (+4.362 MeV) and the presence of several relatively intense neutron 
groups " argued strongly for the use of this reaction as a neutron source 
for t ransmission studies in the region of 6-11 MeV. An investigation of 
this reaction might also lead to a better understanding of the s t ructure of 
the residual B ' " nucleus. Several reactions have been used to study the 
states in B^°, e.g., Li^(a,7)B"', Be'(d,n)B"', and B"'(p,p')B"', but the con­
clusions reached, part icularly for states near an excitation energy of 
5.1 MeV are not in agreement.^' In addition, previous work on the 
Be (d,n)B"' reaction has been largely confined to low bombarding energies 
and often employed coarse resolution. 

II. EXPERIMENTAL PROCEDURE 

The low-energy measurements (deuteron energies between 2.6 and 
3.2 MeV) were made with the 3-MeV Van de Graaff facility, ' which can p r o ­
vide high-intensity (peak current £8 mA) beam bursts of ~1-ns duration. 
The 7.0-MeV data was obtained with the use of the ANL tandem Van de Graff. 
The lat ter is equipped with a pulsed-beam sys tem' based on a University of 
Wisconsin design'" which delivers a 1-ns beam burst with peak currents of 
£26 jlA. 





The targets consisted of thin (10-60 keV) films of beryllium metal 
which had been evaporated onto a 10-mil platinum or tantalum backing. 

The neutron detector consisted of a liquid organic scintillator 
(NE 213), 6 cm thick by 20 cm in diameter, coupled to a 58-AVP photo-
multiplier. Signals from the photomultiplier were fed directly to a 
CDC 160A computer which performed a two-dimensional analysis o 
data, i.e., energy loss in the scintillator vs time of flight. 

f the 

In order to obtain absolute cross sections, the target thickness and 
neutron efficiency must be known. The former was obtained from a chem­
ical analysis of the targets after completion of the experiment.* 

The efficiency of the detector for the 7.0-MeV measurements was 
determined by means of the D(d,n)He^ reaction. A cell containing deu­
terium gas was bombarded with 8.15- and 5.80-MeV deuterons, and the 

emerging neutrons were observed at 10 angles 
between 16 and 95°, a region where the angular 
distribution is not changing violently with angle. 
By use of the reported'^ values of the differ­
ential cross sections at these energies, the 
measured collected charge, and gas p ressure , 
the absolute efficiency of the detector was ob­
tained. The calibration results are shown in 
Fig. 1 for two different bias levels. Estimated 
e r r o r s are about 10-16%. 

Measurements for the Be'(d,n)B"' r e ­
action were made at 15 angles from 2.5 to 75° 
and at flight paths of 7 to 15 m. Figure 2 shows 
a representative time-of-flight spectrum at 

NEUTRON ENERGY, MeV 

112-5467 

Fig. 1. Absolute Efficiency Curve at 
Two Different Energy Biases 

7.00 MeV, e = 15°, and a flight pa th of 
14.7 m . This c u r v e i n d i c a t e s the c o m p l e x 
s t r u c t u r e o b s e r v e d when the b ias l eve l is low, 

i . e . , wi th good n e u t r o n s e n s i t i v i t y . F i g u r e 3 i l l u s t r a t e s the b e s t a v a i l a b l e 
r e s o l u t i o n (~16 keV) at a d e u t e r o n e n e r g y of 2.6 MeV. The u s e of an n - 7 
d i s c r i m i n a t i o n c i r c u i t he lped c o n s i d e r a b l y in r e d u c i n g the y - r a y b a c k g r o u n d 
in t h e s e s t u d i e s . 

No a t t e m p t was m a d e to d e t e r m i n e the d i f fe ren t ia l c r o s s s e c t i o n s 
a t the four l owes t e n e r g i e s - - t h e m a i n ob jec t ive of t h e s e da ta was to d e t e r ­
m i n e the s h a p e of the a n g u l a r d i s t r i b u t i o n s for the 5 . 1 1 - and 6 .16-MeV 
t r a n s i t i o n s , wh ich could not be r e s o l v e d at the h i g h e s t e n e r g y , and to s e a r c h 
for the r e p o r t e d s t a t e of 5.18 MeV.* ' ' 

*We a r e indeb ted to R. Bane of the C h e m i s t r y Divis ion , ANL, for 
a n a l y s e s of the t a r g e t s . 
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Fig. 2. Time-of-flight Spectrum Obtained at ^ = 
15°, Ed = 7.00 MeV. Flight Path = 14.7 m. 
Repetition Period of 267 ns, and a Time 
per Channel of 0.945 ns. Upper energy 
scale corresponds to states in B-̂  with 
Ex < 7.0 MeV; lower scale to states in 
B^" with Ex < 7.0 MeV. 
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Fig . 3. Time-of-flight Spectrum Obtained at 
e = 10°, E(j = 2.60 MeV, Flight Path = 
18.6 m, Repetition Period of 300 ns, and 
a Time per Channel of 1.39 ns. Upper 
energy scale corresponds to states in B 
with Ej( < 4.7 MeV; the lower scale to 
high-lying states (Eĵ  < 4.7 MeV). 
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i n . E X P E R I M E N T A L R E S U L T S 

T h e a n g u l a r d i s t r i b u t i o n s a t E^j = 7 .0 M e V f o r a l l r e s o l v e d n e u t r o n 

g r o u p s c o r r e s p o n d i n g t o E s 6 . 9 5 M e V a r e s h o w n i n F i g s . 4 - 6 . T h e a b s o ­

l u t e u n c e r t a i n t y w a s j u d g e d t o b e + 3 0 % . T h e s o l i d c u r v e s a r e t h e r e s u l t o f 

a D W B A c a l c u l a t i o n ' ^ w i t h t h e i n d i c a t e d i p v a l u e s a n d t h e f o l l o w i n g 

p o t e n t i a l s : 

a ) N e u t r o n ' * 

U ( r ) = V f ( r ) - i W g ( r ) ; 

r - R 
f ( r ) = 1 + e x p 

,1/3. 

; g ( r ) = exp . - ( ^ ) 

R = ro A " ^ ; 

ro = 1 .35 F ; 

V = 4 2 . 3 6 M e V ; 

W = 9 . 4 4 M e V ; 

a = 0 . 5 5 F ; 

b = 0 . 7 5 F ; 
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Fig. 4 Angular Distributions at E j = 

7.0 MeV for the Ground and First 

Three Excited States of B^O. Solid 

lines are the results of DWBA c a l c u ­

lations; dotted line is result of a 

Butler p lan-wave ca lcula t ion . 

112-5470 

Fig. 5. Angular Distributions of the 3 .57- , 

4 .77- , 5.11 + 5.16- . and 5.90-MeV 

Levels in B-*-̂  at a Deuteron Energy 

of 7.0 MeV. Solid lines are the r e ­

sults of DWBA calculat ions 
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112-5468 

Fig. 6. Angular Distributions of 

the 6 .10- , 6 .35- . 6 .50- , and 

6.95-MeV Levels in B^O at a 

Deuteron Energy of 7.0 MeV. 

Solid lines are the results of 

DWBA calculat ions 





b) Deutron'^ 

U(r) = -(V + iW) f(r) + Vc(r); 

V = 40.34 MeV; W = 6.68 MeV; 

ro = 1.49 F; a = 0.63 F; 

The ground-state distribution in Fig. 4 also shows the result of a Butler 
calculation.' A number of Butler calculations were made and resulted in 
i p values identical to those obtained using the DWBA method. Table I 
summarizes the excitation energies and i values obtained in the present 
work together with some previously reported values. 

• 

Ex 

g-s. 

TABLE I. 

This Exp'eriment 

(MeV)^ 

0.72^ 
1.74^ 
2.15^ 
3.59^ 
4.77^-^ 
5.11 
5.16 
5.90 
6.10 
6.35 
6.50 
6.96 
7.60 
7.60 

(7.86 
(8.07 
(8.12 

± 0.02 
± 0.02 
± 0.08^ 
± 0.08'^''= 
± 0.05^ 
± 0.05 
± 0.03 
± 0.05 
± 0.05 
+ 0.05) 
± 0.05) 
± 0.05) 

h 
I 
1 
1 
1 
1 

(^) 
0 
1 

(1) 
(2) 
(0) 
I 
0 

-
-
-
-
-

Measure 

h 
l 2 , 4 

1^ 
1== 
1^ 
l 2 , 4 

2* 
03.4 
13 

-
-
-
-
-
-
-
-
-
-

:d S ta t e s in B ' " 

P r e v i o u s 

Ex (Me 

g . s . 
0.72 
1.74 
2.15 
3.59 
4.77 
6.11 
5.16 
5 . 9 2 " 
6 . 0 4 " 
6 . 1 2 " , 6. 
6 . 5 7 " 

Work^ 

V) 

4 0 " 

6.88, 6.97 
7.48 
7.56 
7.78 

-
8.89 

J ^ 

3 + 
1 + 
0+ 
1 + 
2 + 

(2 + ) 
(2-) 
(2+) 
2 + 
4+ 

1-
2+, 2 -

0+ 
2 " 

-
3 -

^ A s s u m i n g B e ' ( d , n ) B ' ° g rov ind-s t a t e (g . s . ) Q-va lue is 4.362 MeV. 

A n g u l a r d i s t r i b u t i o n a n o m a l o u s at a l l inc iden t e n e r g i e s . 

•^Contaminated by O ' (d ,n )F ' ^ r e a c t i o n . 

d C o n t a m i n a t e d by 0 " ( d , n ) F ' ' ' * r e a c t i o n . 

^The e x c i t a t i o n e n e r g i e s of t h e s e l e v e l s w e r e t aken f r o m Ref. 18. 

^Where no t o t h e r w i s e no ted , r e f e r e n c e is to Ref. 18. 





A comparison of the differential cross sections obtained at 7.0 MeV 
with the DWBA calculations provided the spectroscopic factors listed in 
Table II. This table gives both the absolute spectroscopic factors and values 
relative to that of the ground-state transition. The previously reported quan­
tities are in reasonable agreement with those obtained in this experiment 
except for the factor pertaining to the excitation of the 1.75-MeV state.^' ' ' ' 

T A B L E II. Spec t ro scop i c F a c t o r s for the Be''(d,n) React ion 

P r e s e n t 

Level (MeV) 

g.s. 
0.72 
1.74 
2.15 
3.59 
4.77 
S.ll^" 
5.90 
6.3,5^ 
6.95 

Resu l t s (E^ = 

Absolute 
S p e c t r o s c o p i c 

F a c t o r s 

0.49 
1.12 
0.50 
0.20 
0.22 
0.21 
0.64 
0.66 

(0.42), 0.25 
0.90 

7.0 MeV) 

Re la t ive 
Spec t ro scop i c 

F a c t o r s 

1.0 
2.3 
1,0 
0.41 
0.45 
0.43 
1.3 
1.3 

(0.86), 0.51 
1.8 

Be'(H 

Relat ive 
Spec t ro scop 

F a c t o r s , Ref. 
e ' ,d)B'», E = 

1.0 
2.1 
3.9 
0.87 

-
-
-
-
-

P r e v i 

i c 

17 
5,7 M 

O U S 

eV 

Work 

Rela t ive 
Spec t roscop ic 

F a c t o r s , Ref, 26 
Be ' (d ,n)B'°, E = 2,8 MeV 

1,0 
2.24 
0.85 
0.60 
0.32 

-
-
-
-

^Conta ins s m a l l (<5%) cont r ibut ion fronn the 5 .16-MeV level . 

Values in p a r e n t h e s e s a s s u m e J = 1; o t h e r s a r e r e s u l t s a s s u m i n g J = 2, 

Table III l ists the differential cross sections obtained at 7.0 MeV 
,10 for transit ions leading to excited states in B 

T A B L E m . Be''(d,n) Lab. Different ial C r o s s Sections a{6) m b / S R 
E^ = 7.00 MeV 

e'^x 
2.5 
3.7 
5 
8 

11 
16 
20 
25 
30 
35 
40 
45 
51 
55 
60 
65 
70 

Ground 
State 

2.58 
3.63 
6.13 
7.88 
9.50 

10.25 
8.88 
8.25 
5.50 
3.50 
3.00 
2.00 
1.50 
1.25 
1.38 
1.88 

0.72 

2,70 
2,75 
5.50 
6,95 

10.1 
11.0 

9.50 
8.25 
5,63 
3.50 
2.25 
1.25 
1.00 
1.38 
1,30 
1.13 

1.74 

. 
-

1.05 
1.40 
1.58 
1.73 
1.90 
1.65 
1.08 
0.60 
0.38 
0.33 
0.18 
0.18 
0.28 
0.30 

-

2,15 

_ 
0,83 

-
1,33 
2,03 
2.13 
2.33 
2.38 
1,80 
1,53 
1,00 
0,75 
0,90 
0,93 
0.88 
0,78 
0,63 

3.59 

_ 
-

5.15 
5.60 
5.80 
5.33 
4.68 
4,03 
3.50 
2.90 
2.38 
2.25 
1,93 
1.58 
1,60 
1,70 
1,63 

4 .77* 

_ 
3.30 

-
3.38 
3.18 
3.58 
2.05 
2.40 
1.83 
2.40 
2.18 
2.10 
2.23 
1.83 

-
-
-

5,11, 5,16 

91,5 
90,0 

-
78,5 
56,8 
34.8 
18.9 
11.5 

7.48 
5.98 
6.48 
5.98 
5,98 
3.48 
3.38 
1.50 
1.38 

5 . 9 0 ' * 

-
38.8 

-34.5 
36.5 
30.3 
24.8 
13.8 
12.5 

8.25 
7.00 
5.25 
3.50 
1.88 

-
-
" 

6,10* 

5.68 

-
-8,50 

11.6 
13.4 
12.8 
10.7 

8.65 
6.48 
6.35 
4.93 
4.73 
4.18 

-
-
" 

6,35* 

-
25,8 
19,8 
15,0 

7.43 
3.95 
2,15 
1.15 
1.15 
0,50 
0,25 

-
-
-
-
-
" 

6,50 

-
13,7 

-16.2 
14.4 
11.4 
10.2 

8,70 
5,85 
4,80 
4.20 
2.70 
2.70 
1.20 
1,20 

" 

6,95 

-
27,3 

-21,6 
16.9 

7.03 
3.05 
1.80 
1.45 
0,90 
0,28 

-
-
-
~ 
-

•Conta ins s o m e C'^{d,n)N'^ 

• • C o n t a i n s unknown cont r ibut ion f rom the 0'^(d,n}F'^. 

tCon t a in s unknown cont r ibut ion f rom the 0^^(d,n)F^'^. 





IV. DISCUSSION 

B ° l i e s n e a r the midpo in t of the I p - s h e l l . I ts s t r u c t u r e is r e ­
m a r k a b l y w e l l d e s c r i b e d by the i n t e r m e d i a t e coupl ing m o d e l of D. K u r a t h , 
which p r e d i c t s exc i t a t i ons and conf igura t ions for the f i r s t five s t a t e s in 
n e a r l y q u a n t i t a t i v e a g r e e m e n t wi th this e x p e r i m e n t . This m o d e l p r e d i c t s 
T = 1 s t a t e s a t ~ 1.7 (0+) and ~5.1 (2"*") MeV. The f o r m e r p r o b a b l y c o r r e ­
sponds to the o b s e r v e d 1.74 MeV s t a t e . 

T h e r e h a s e x i s t e d s o m e confusion on the ~ 5 . 1 - M e V s t a t e . T h r e e 
l eve l s in th is r e g i o n h a v e been p r e v i o u s l y r e p o r t e d at 6 .11 , 5.16, and 
5.18 MeV. Th i s w o r k i n d i c a t e s the p r e s e n c e of only the 6 . 1 1 - and 5 .16 -MeV 
s t a t e s . B u t l e r fits to the angu la r d i s t r i b u t i o n s (Fig . 7) lead to the a s s i g n ­
m e n t s of .^p = 0 and i = 1, r e s p e c t i v e l y , for the 5 . 1 1 - and 5 .16-MeV t r a n ­
s i t i o n s , in a g r e e m e n t wi th the r e s u l t s of Ri ley et a l . ' The p o s i t i v e - p a r i t y 
5 .16 -MeV l e v e l is p r o b a b l y the s t a t e p r e d i c t e d by Kura th . W a r b u r t o n and 
Chase^ ' h a v e s u g g e s t e d that the r e p o r t e d 5 .18-MeV s t a t e m a y be long to a 

doubly exc i t ed conf igura t ion which should not be 
e x c i t e d by s i n g l e - n u c l e o n d i r e c t e x c i t a t i o n s , such "1—1—I I r 

Be^(d,n)B '° _ 

40 60 eo 100 120 

8, LAB 

112-5477 

Fig. 7. Angular Distributions of 
the 5.11- and 5.16-MeV 
Levels in B-'-'' at a Deu­
teron Energy of 3.1 MeV. 
Solid and dotted lines are 
the result of Butler plane-
wave calculations. The 
data for the two levels are 
drawn on different scales. 

as the Be ' (d ,n )B ' ° r e a c t i o n . F e r g u s o n et a l . ,^ how­
e v e r , r e p o r t the level in t h e i r (d,n) s t u d i e s . The 
p r e s e n t e x p e r i m e n t s would ind i ca t e that the s t a t e , 
if exc i t ed at a l l , would have a yie ld only 10% of 
tha t f r o m the 5 .16-MeV s t a t e , which is i t s e l f qu i te 
s m a l l . The o b s e r v e d 5 .11-MeV s t a t e m u s t have 
J^ = 1" o r 2" , c o n t r a d i c t i n g the r e s u l t s of 
L i ^ ( a , 7 ) B " ' s tud ies ' ' which s u g g e s t an a s s i g n m e n t 
of 2+ or 4 " . The p r e s e n t r e s u l t s a r e , h o w e v e r , 
c o m p a t i b l e with the r e s u l t s of Ref s . 3 and 9. 

The o b s e r v e d l e v e l at 4.77 MeV is an en ig ­
m a . K u r a t h ' s m o d e l would r e q u i r e a t w o - n e u t r o n 
exc i t a t ion if th is l eve l is l""" as p r e v i o u s l y s u g ­
ges t ed , ^ ' an ind ica t ion that th is l e v e l is p r o b a b l y 
not a p p r e c i a b l y exc i ted by o n e - p a r t i c l e s t r i p p i n g . 
The p r e s e n t w o r k i n d i c a t e s tha t l„z Z, a r e s u l t 
wh ich does not c o n t r a d i c t a r e c e n t t h e o r e t i c a l 
es t imate^^ of 3"*". 

A p r e v i o u s l y r e p o r t e d s t a t e at 5.58 MeV 
was not o b s e r v e d . This m a y be p a r t l y due to the 
p r e s e n c e of oxygen in the b e r y l l i u m t a r g e t s . The 

r e a c t i o n s 0 ' ^ ( d , n ) F ' ' ' and 0 '^ (d ,n )F '^* tend to confuse the o b s e r v a t i o n of 
s t a t e s in B ' " a t exc i t a t i on e n e r g i e s of 5.5 to 6.5 MeV. 

The r e p o r t e d 5 .9 -MeV s t a t e in B ' " was o b s e r v e d and qua l i t a t i ve angu­
l a r d i s t r i b u t i o n s ob ta ined d e s p i t e the oxygen con t amina t ion . An o b s e r v e d 
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intense neutron group was attributed to the excitation of a 6.10 +0.08 MeV 
state in B ' " . This group was probably due to the composite excitation of 
reported 6.05- and 6.16-MeV levels.*'^' Neutron groups corresponding to 
states in B ' " at 6.50 and 6.36 MeV were clearly observed. The lat ter is at 
least par t ia l ly due to the reaction 0" (d ,n )F"* and the former has been 
previously reported.^ A b r o a d state (T ~ 200 keV) was seen at 6.95 MeV, 
probably corresponding to the known level in B ' ° at 7.00 MeV.^^ Five addi­
tional states were observed, all with E > 7.0 MeV. None of these were 
appreciably excited by the (d,n) reaction. 

V. CONCLUSION 

The resul ts of the present work indicate that neutron yields from 
the Be'(d,n)B"' reaction are in general sufficient for t ransmission studies 
in the range from 6 to 11 MeV. The reaction can also be used as a conve­
nient calibration source to determine the absolute efficiency of time-of-
flight spec t romete rs . Subsequent work^^ at this laboratory has indeed used 
the reaction for this purpose with good resul ts . 
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